ABSTRACT We studied the effects of ventricular end-systolic elastance (Ees) and effective arterial elastance (Ea) on the efficiency of energy transfer from pressure-volume area (PVA) abrupt increase in afterload before and after dobutamine. The sensitivity of the decrease in the EW/PVA efficiency to an increase in end-systolic pressure was significantly less after than before dobutamine. We could account for all these changes in EW/PVA efficiency by the relative changes in Ees and Ea in the pressure-volume diagram. Circulation 77, No. 5, 1116 -1124 , 1988 MECHANICAL EFFICIENCY of the heart as the ratio of external mechanical work (EW) to myocardial oxygen consumption (V02) varies between 0 and 30% as a function of ventricular loading conditions and contractile state.1-4 We have recently found that this efficiency can be divided into two steps: the efficiency of energy transfer from V02 to pressure-volume area (PVA) as the first step, and the efficiency of energy transfer from PVA to EW as the second step,4-6 as shown in figure 1, A. PVA, which represents the total mechanical energy generated by ventricular contraction, is an intermediate form of energy between the first and second steps.4 6 PVA is defined as the area circumscribed by the end-systolic and end-diastolic pressure-volume relations and the systolic pressure-volume We have already extensively studied the efficiency of energy transfer from V02 to PVA and found it a function of loading conditions and contractile state in excised hearts as well as hearts in situ.6-8 The load-and contractility-dependent overall efficiency from V02 to EW could be better understood by the quantitative study of the efficiency of energy transfer from PVA to EW as a function of afterload and contractile state.
trajectory, as shown in the diagram5-8 in figure 1 , B.
We have already extensively studied the efficiency of energy transfer from V02 to PVA and found it a function of loading conditions and contractile state in excised hearts as well as hearts in situ.6-8 The load-and contractility-dependent overall efficiency from V02 to EW could be better understood by the quantitative study of the efficiency of energy transfer from PVA to EW as a function of afterload and contractile state.
In this study we wanted to determine whether we could theoretically predict the changes in EW/PVA efficiency when contractility and afterload were altered. The theoretical predictability of this efficiency would greatly facilitate the quantitative understanding of the changes in cardiac mechanical efficiency under normal and pathologic conditions. To this end, we used a volumetric conductance catheter9 to study in situ left ventricles of anesthetized closed-chest dogs, the feasibility of which has already been established. ' 1. A, EFm -the mechanical efficiency of energy transfer from V02 to EW; EF, = the efficiency from V02 to PVA; EF2 = the efficiency from PVA to EW; EFm = EF1 EF2. B, Schematic illustration of PVA. PVA is the area in the pressure-volume (P-V) diagram that is circumscribed by the ESPVR line, the end-diastolic pressure-volume relation (EDPVR) curve, and the systolic segment of pressure-volume trajectory (solid). PVA consists of the EW, which is the area under the systolic segment of the pressure-volume trajectory, and the elastic potential energy (PE) under the ESPVR line. Effective Ea is the ratio of end-systolic pressure (Pes) to stroke volume (SV). Ved = end-diastolic volume. The dashed line simulates constant ejection pressure equal to Pes. Dotted area shows the difference between experimentally obtained EW and EW calculated in the simulation.
as shown in figure 1 , B, and Ea, effective arterial elastance, is the ratio of end-systolic pressure to stroke volume,15, 16 as shown in figure 1 Figure 3 , A, reasonably resemble the slow rising portion of the prediction curves. Both experimentally and theoretically, EW/PVA efficiency only increased from 40% to 50%, to 70% to 80%, with the increases in Ees from 7 to 21 mm Hg/ml. Figure 4 , B, shows theoretical predictions made by equation 6 at five different Ees levels. The EW/PVA efficiency decreased with the increase in Ea and increased with the increase in Ees. The sensitivity of the decrease in the EW/PVA efficiency to an increase in Ea of between 10 and 30 mm Hg/ml was almost the same for different Ees values. The experimental data in figure 4 , A, agree reasonably well this prediction. figure  5 , B, were obtained at a constant stroke volume of 10 ml. We then drew an additional prediction curve (dashed) for a Ees of 5 mm Hg/mI with a stroke volume of 8 ml, which is 20% smaller than the stroke volume set for the other curves. When a point was shifted from the solid curve for Ees of 5 mm Hg/mI and stroke volume of 10 ml to the new dashed curve for Ees of 5 mm Hg/ml and stroke volume of 8 ml while endsystolic pressure was increased from 140 to 190 mm Hg, the slope of this composite line was much steeper than the slope of the curve for Ees of 20 mm Hg/ml, as shown in figure 5 for practical purposes independent of end-systolic pressure and Ea in this study.
Fourth, we assumed in the simulation that ventricular pressure during ejection was equal to end-systolic pressure, as shown in figure 1, B . Therefore, EW, as assessed by equation 3, was subject to an error equal to the area (dotted in figure 1, B 26 This difference may be attributed in part to differences in the preparations (i.e., open-chest dogs in the previous studies24 25 VS closed-chest dogs in the present study), and in part to differences in the methods of generation of rapid loading changes (i.e., the transient inferior vena caval occlusion in the previous studies24-21 vs the transient occlusion of the thoracic descending aorta in the present study). Further analysis of this difference is beyond the scope of this study.
Under the assumptions that have been discussed above, the consistency of the present experimental results of the EW/PVA efficiency with the theoretical prediction by the function of Ees, Ea, and end-systolic pressure, as shown in figures 3, B, 4 figure 6 , which illustrates the pressure-volume loops, ESPVR lines, and Ea lines in scale that we observed under the three different conditions. Figure 6 ,A, shows loops during steady-state contractions in the control and dobutamine runs before the transient increase in afterload. Ea was greater than Ees in the control run, whereas Ea was almost equal to Ees in the dobutamine run (table 2) . Since EW for a given end-diastolic volume is maximal when Ees is equal to Ea,15, 16 dobutamine seems to have produced an energetically optimal coupling between the left ventricle and the arterial system, allowing maximal EW for a given end-diastolic volume and increasing EW/PVA efficiency. Figure 6 , B and C, illustrates the pressure-volume loops before and after a transient increase in afterload in the control and dobutamine runs. Ea markedly increased and became much greater than Ees in both runs (table 2) . In contrast to the enhancement of contractility, the transient increase in afterload produced an VOLUME(ml) VOLUME(ml) VOLUME(mi) energetically poor coupling between the left ventricle and the arterial system in that EW/PVA decreased with increases in afterload. This was probably because the transient increase in afterload was not sufficiently compensated for by rapid increases in preload, as indicated by the decrease in stroke volume (table 2) . In the control run stroke volume decreased because the increase in end-systolic volume induced by the increase in afterload was greater than that in end-diastolic volume (table 2) , as shown in figure 6 , B.
Therefore, EW did not increase in proportion with the increase in end-systolic pressure and hence EW/PVA efficiency decreased in the control run. In contrast, during the dobutamine run, stroke volume did not decrease with increasing afterload (table 2), as shown in figure 6 , C. Therefore, EW increased proportionally with the increase in end-systolic pressure and hence EW/PVA efficiency decreased much less than in the control run. In other words, a higher contractile state is associated with a greater reserve of EW after an abrupt increase in afterload.
Our study shows that an increase in left ventricular contractility increases both EW/PVA efficiency and EW for a given left ventricular end-diastolic volume during steady-state contractions. EW/V02 efficiency, or conventional mechanical efficiency, is the product of EW/PVA efficiency and PVA/V02 efficiency,j-6 as shown in figure 1 , A. Combined with the observation of simultaneous increases with the V02 component of nonmechanical activity and left ventricular contractility,6' 27 finding of a dependency of EW/PVA efficiency on Ees and Ea facilitates understanding of the mechanisms of the wide variability in overall EW/V02 efficiency as a function of loading conditions and contractile state under physiologic and pathologic conditions. Direct study of EW/V02 and PVA/V02 efficiency was not the aim of this study.
Although we have not studied EW/PVA efficiency in a failing heart in this study, based on the theoretical prediction shown in figure 3 , B, it is probably considerably decreased. Since the present method using the volumetric catheter can be applied clinically, EW/PVA efficiency and its dependence on Ees and Ea could be assessed by methods similar to those used here to obtain a better understanding of ventriculoarterial coupling in patients.
In summary, we evaluated not only Ees and Ea but also EW/PVA efficiency in the closed-chest dog with the use of a conductance catheter for measurement of ventricular volume, a catheter-tipped manometer in the left ventricle, and a Fogarty catheter placed in the thoracic descending aorta. The results show that an abrupt increase in afterload decreases EW/PVA efficiency and that enhancement of left ventricular contractility produces more efficient ventriculoarterial coupling and a greater reserve in the heart, in terms of EW/PVA efficiency, to meet an increase in afterload. We ascribe these changes in EW/PVA efficiency in the closed-chest dog to the relative changes in Ees and Ea in the pressure-volume diagram.
